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Abstract
Taste receptor cells encounter chemicals in foods and transmit this information to the gustatory
neurons, which convey it further to the gustatory relay nuclei in the lower brainstem.
Characterizing neurons involved in the transmission of gustatory information in the peripheral and
central nervous systems helps us better understand how we perceive and discriminate tastes.
However, it is difficult to anatomically identify them. Using cell-type-specific promoters/
enhancers and a transneuronal tracer, we generated transgenic mice to visualize neurons in the
gustatory neural pathways. We observed the tracer in the neurons of cranial sensory ganglia and
the nucleus of the solitary tract in the medulla where gustatory neurons project. The tracer was
also distributed in the reticular formation and several motor nuclei in the medulla that have not
been recognized as gustatory ascending pathways. These transgenic mice revealed gustatory relay
neurons in the known gustatory ascending pathway and an unexpected, thus presumably novel,
neural circuit of gustatory system.
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Sensing external chemicals is important for animals to survive in nature. Thus,
chemosensory systems, such as gustatory and olfactory systems, are common in animals.
Taste plays a central role in detecting chemical information in foods and leads to one of two
feeding behaviors: acceptance or avoidance. To make this decision, animals have neural
mechanisms to discriminate tastes.

Chemical information received by taste receptor cells in the oropharyngeal epithelia is
perceived in the primary gustatory cortex.1–3) However, the mechanism to discriminate taste
qualities (e.g., sweet, bitter) is still controversial. One set of experiments showed that
gustatory cortical neurons respond to multiple taste qualities in a rapid timescale,4) and
another showed that gustatory cortical neurons are tuned to single taste qualities and are
distributed in separate areas topographically in a taste-quality-dependent manner.5)

Controversial results were also reported on the responses to taste stimuli in other gustatory
relay nuclei in the lower brainstem.6,7)

Recent molecular genetic studies have revealed taste receptors and taste receptor cells
responsible for specific tastes. A heterooligomer of T1R2 and T1R3 (also known as Tas1r2
and Tas1r3, respectively) functions as a sweet receptor,8–10) a heterooligomer of T1R1 (also
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known as Tas1r1) and T1R3 functions as an umami (amino acid) receptor,10) and T2Rs (also
known as Tas2rs) function as bitter receptors.11–13) Also, the cells expressing PKD2L1 and
Car4 function as sour- and carbonation-sensing cells.14,15) One conclusion from these
studies is that taste receptor cells are tuned to evoke single taste modalities/qualities, such as
sweet, umami, bitter, and sour taste.16) This indicates that taste substances are discriminated
at the receptor cell level; thus, why many gustatory relay neurons respond to multiple taste
stimuli from periphery to cortex is unknown.

To help interpret the data of physiological experiments, we aimed to anatomically identify
gustatory relay neurons in the peripheral and central nervous systems. As a first step, we
generated transgenic mice to visualize gustatory neural pathways using cell type-specific
promoters/enhancers and the transneuronal tracer wheat germ agglutinin (WGA).17–19) This
review summarizes the knowledge obtained from genetic tracing studies of gustatory neural
pathways originating from taste receptor cells.

I. Transneuronal Genetic Tracer
Transneuronal tracers, such as the plant lectin WGA, are powerful tools to study the neural
wiring in the peripheral and central nervous systems. To analyze specific neural circuits of
interest, it is imperative to know the origin of the transneuronal tracer. However, physically
administering the tracer to the cells of interest is difficult.

An advantage of proteinaceous transneuronal tracers like WGA and the WGA ortholog
barley lectin is that they can be encoded in the genes which enables them to be expressed
strictly in cells of interest, using a promoter/enhancer of the cell-specific gene.20,21) To
efficiently induce mature WGA and barley lectin in the secretary pathway in mammalian
cells, genetic mutants with truncated C-terminal propeptides have been used.20) WGA can
be immunohistochemically detected using anti-WGA antibodies that are commercially
available,20,21) which makes WGA more efficient as a genetic tracer than is barley lectin for
immunohistochemical detection.

The transneuronal transport of WGA is passive. Thus, how far along the circuit WGA is
traceable depends on the strength of the promoter and the convergence or divergence of the
neural circuits. Also, although transcellular transport of WGA depends on intercellular
“contact,” it is not unidirectional—WGA can be transported both anterogradely and
retrogradely. It is also not limited to synaptic transport—WGA can also be a transcellular or
transneuronal tracer, depending on the context. These characteristics are advantageous in
labeling ascending neural pathways for taste information from taste cells that lack synaptic
structures, such as sweet, umami, and bitter taste cells, but have adjoining nerve
processes.22)

II. Ascending Gustatory Pathway in Nervous Systems
Taste cells activated by taste substances transmit chemical information to peripheral sensory
neurons called gustatory neurons, whose cell bodies are located in the VIIth, IXth, and Xth
cranial sensory ganglia (also called geniculate, petrosal, and nodose ganglia, respectively).1)

The gustatory neurons innervate gustatory relay neurons in the nucleus of the solitary tract
(NST) in the medulla oblongata. Gustatory information is then transmitted to neurons in the
parabrachial nucleus (except in humans, where this step is bypassed), then to the thalamic
gustatory area, and gustatory cortex (Fig. 1).

Taste buds distributed in the anterior oral cavity are innervated by chorda tympani and
greater superficial petrosal nerves from geniculate ganglia, and those in the posterior oral
cavity are innervated by glossopharyngeal nerves from petrosal ganglia.3) A small number
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of taste buds in the epiglottis are innervated by superior laryngeal nerves from nodose
ganglia.3) The topographic map of taste buds along the anterior-posterior axis is observed in
the NST as a rostral-caudal axis.23) However, details of topographic maps across taste
qualities in the ganglia and the nuclei of ascending gustatory pathway in the central nervous
system remain elusive.

III. Transgenic Mice Expressing WGA under the Control of Taste-Related
Gene Promoters/Enhancers
1) Using t1r3-WGA and t2r5-WGA transgenic mice to visualize sweet/umami and bitter
neural pathways, respectively

Transgenic mice lacking taste cells with synapses can nonetheless perceive tastes received
by these taste cells.14) Therefore, the taste cells lacking synapses, such as sweet, umami, and
bitter taste cells, should still be able to transmit gustatory information, probably directly to
the gustatory neurons. Consistent with this hypothesis, nerve processes adjoin each of these
cell types.22)

T1R3 is a component of both sweet and umami receptors, and T2R5 (also known as
Tas2r105) functions as a bitter receptor. Using promoters/enhancers of t1r3 and t2r5 genes,
we generated transgenic mice that express WGA specifically in sweet/umami taste cells
(t1r3-WGA mice) and in bitter taste cells (t2r5-WGA mice).17,18) In the t1r3-WGA mice,
WGA was detected along the known ascending gustatory pathway in the neurons of
geniculate and nodose/petrosal ganglia and NST, but not in the parabrachial nucleus, where
NST neurons project17) (Fig. 2). In t2r5-WGA mice, WGA was detected in the peripheral
sensory ganglia but not in the central nuclei, not even in the NST, probably due to weakness
of the T2R5 gene promoter.18) These data strongly suggest that sensory neurons innervate
sweet, umami, and bitter taste cells from an anatomical perspective.

2) Using pkd1l3-WGA transgenic mice to visualize the sour neural pathway from the
posterior tongue

Pkd1l3 is expressed in a subset of sour cells, and its distribution is confined to the taste buds
of the circumvallate and foliate papillary structures in the posterior oral cavity.14,24) Using
promoter/enhancer of the pkd1l3 gene, we generated transgenic mice that express WGA
specifically in these sour taste cells (pkd1l3-WGA mice).19) Of the cranial sensory ganglia
in the pkd1l3-WGA transgenic mice, WGA was predominantly detected in the nodose/
petrosal ganglia. However, WGA was also clearly but much less frequently detected in the
geniculate ganglia. This is consistent with previous studies showing that some taste buds in
the foliate papillae, presumably the anterior portion, are innervated by the chorda tympani
nerve.25) WGA was detected in the NST but not in the parabrachial nucleus, as was the case
with t1r3-WGA transgenic mice.

IV. Distribution of WGA in the Brainstem
WGA immunoreactivity was observed in the transgenic mice in the brainstem, in addition to
the NST. Intriguingly, the distribution of WGA was not restricted to the nuclei known to be
involved in the transmission of gustatory information. The presence of WGA in the spinal
trigeminal nucleus and the principal nucleus of the trigeminal nerve in the t1r3-WGA mice
led us to identify intrinsic expression of Tas1r3 taste protein in solitary chemosensory cells
distributed in respiratory epithelia and their ascending pathway via trigeminal neurons.17) In
addition to the sensory nuclei mediating gustatory and trigeminal information to the higher
central neurons, the neurons in the reticular formation and several motor nuclei exhibited
WGA distribution. It is important to note that these unexpected WGA distributions in the
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reticular formation and motor nuclei were observed in both the t1r3-WGA and pkd1l3-WGA
mice, although the frequency of WGA-positive neurons in the brainstem nuclei
differed.17,19) Although the neurons in these regions are associated with routes of reflexes
such as vomiting and swallowing, why WGA labeled the descending (reflex) pathway from
gustatory relay neurons in the NST but not the parabrachial nucleus neurons, the ascending
target of gustatory relay neurons in the NST, is unknown. The labeling of neurons in the
reticular formation and motor nuclei in the t1r3-WGA and pkd1l3-WGA mice might
indicate as yet unidentified gustatory neural circuits or connectivity.

V. Perspective
Genetic tracing of ascending gustatory pathways originating from taste receptor cells
enabled us to identify specific neurons mediating ascending gustatory information in
peripheral ganglia and in the brainstem. These studies also revealed potentially newly
identified pathways: gustatory relay nuclei higher than NST, neural pathways from whole
bitter, sour, and salty taste cells, and, most important, the relationship of multiple taste
modalities among gustatory relay neurons in the ganglia and central nuclei. Identifying
marker genes would help elucidate these new findings. For example, a gene specifically and
strongly expressed in whole bitter cells could enable us to trace whole relay neurons of the
taste of interest, at least in the peripheral ganglia, and a gene expressed in gustatory neurons
in the ganglia or gustatory relay neurons in the NST would provide clues to identify higher-
order gustatory relay neurons in the central nervous system. Engineering genetic tracers will
enable us to visualize and compare multiple gustatory neural pathways in the same mouse.
To answer the question of why WGA was detected in the reticular formation and motor
nuclei, further analyses, such as viral tracing, need to be carried out. Anatomical
identification of gustatory relay neurons through these findings will provide new insights
that, combined with physiological characterization, will contribute to understanding of how
animals can perceive and distinguish multiple tastes.
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Fig. 1. Ascending Gustatory Neural Pathway
Chemicals (taste substances) in foods detected by sensory cells in taste buds distributed in
the oropharyngeal epithelia are recognized as tastes in the insular cortex (IC), which is the
primary gustatory cortex. Between the peripheral sensory tissue and the IC, many neurons
mediate gustatory information, beginning with the geniculate (GG), petrosal (PG), and
nodose (NG) ganglia. Gustatory information from the nucleus of the solitary tract (NST) in
the lower brainstem reaches the parabrachial nucleus (PbN; except in primates, including
humans, which bypass this step) and then the parvocellular division of ventral posteromedial
nucleus of the thalamus (VPMpc), and from there arrive in the IC.
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Fig. 2. Gustatory Neural Circuits Revealed by Genetic Tracing: Distribution of WGA in t1r3-
WGA and pkd1l3-WGA Transgenic Mice
Yellow and purple indicate the tissues/nuclei where WGA immunoreactivity was detected in
the t1r3-WGA and pkd1l3-WGA mice, respectively. The red outlines indicate tissues/nuclei
of known ascending gustatory pathways, and arrows indicate known neural connectivity.
The promoters/enhancers of t1r3 and pkd1l3 genes induced the expression of WGA mRNA
faithfully in the cells where t1r3 and pkd1l3 mRNAs are endogenously expressed, and thus
the WGA was observed only in taste buds of the posterior oral cavity in the pkd1l3-WGA
mice. FuP, fungiform papilla; FoP, foliate papilla; CvP, circumvallate papilla; GG,
geniculate ganglion; NPG, nodose/petrosal ganglia; NST, nucleus of the solitary tract; PbN,
parabrachial nucleus; pcRF, parvocellular the reticular formation; 5N, trigeminal motor
nucleus; 7N, facial motor nucleus; Amb, ambiguous nucleus.

Matsumoto Page 7

Biosci Biotechnol Biochem. Author manuscript; available in PMC 2013 October 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


